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Available online 3 June 2017Hydrothermal conversion of waste hazelnut shell in hot compressed water, green and environmentally friendly
medium, was investigated under different operating conditions to clarify the effects of reaction temperature, re-
action time, acid concentration and acid kind (H2SO4 and H3PO4) on the production of value-added chemicals
with high temperature/high pressure autoclave. In literature, to our best knowledge, there is no study about
the production of levulinic acid, as a high value chemical, from waste hazelnut shell in hot-compressed water
without using any mineral and heterogeneous catalyst. Hydrothermal reactions were conducted at 150–280 °C
for reaction times of 15 to 120 min with various H2SO4 and H3PO4 concentrations varying from 0 to 125 mM.
The detailed liquid product species were identified with High Performance Liquid Chromatography (HPLC)
and gaseous products were analyzed by Gas Chromatography with a Thermal Conductivity Detector (GC-TCD).
The main identified liquid compounds were levulinic acid, acetic acid and furfural while carbon dioxide and car-
bonmonoxide were themajor gaseous products. Increasing the reaction temperature (280 °C) and reaction time
(120min) resulted in a significant increment on the conversion (65.40%) as well as levulinic acid yield (13.05%).
The production of levulinic acid was enhanced with H2SO4 addition; whereas treatments with H3PO4 improved
the furfural production.
© 2017 Elsevier B.V. All rights reserved.Keywords:
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Acetic acid1. Introduction
Population growth, scarce of petroleum reserves and environmental
concerns improved the interest of investigation of alternative and re-
newable resources [1,2]. The utilization of biomass seems the most im-
portant alternative to fossil fuels in the production of value-added
chemicals due to being carbon neutral source, not having and contribu-
tion to net CO2 concentration in the atmosphere and reduce the waste
problem with effective conversion [3].
A wide variety of bio-based chemicals (i.e. levulinic acid, acetic acid
and furfural) can be produced from thedegradation of different biomass
types. Among them levulinic acid is a versatile chemical that can be used
to produce a great number of derived products such as pharmaceutical
and flavouring agents, resins, herbicides, plasticisers, anti-freeze agents
and biofuel additives. Several technologies such as mineral acids, solid
catalyst, ionic liquids and sub- or supercritical fluids have been per-
formed during the production of levulinic acid from different rawmate-
rials [4]. To our best knowledge, this study is the first one that
investigates levulinic acid production from waste hazelnut shell in
hot-compressed water, which is environmentally friendly, non-toxic,
cheap, non-flammable and abundant.Near critical point (374 °C and 22.1MPa), water exists in liquid state
under enough pressure [5] which possesses unique solvation and phys-
icochemical properties. Temperature increment results in reduce in
water polarity (non-polar) [6] and the solvation power of organic com-
pounds enhances [7]. The ion product (Kw) of water increaseswith tem-
perature and reaches to 10−11 that is approximately three orders of
magnitude higher than the ion product of ambientwater and the dielec-
tric constant (ε) of ambient water is reduced from 80 to 10 at around
374 °C [8,9]. Furthermore, low dielectric constant boosts ionic reaction
and the high concentration of H3O+ and OH− ions enables to water
acts as an acid or base catalyst in subcritical water region [8].
Several researchers reported natural biomass conversion in subcrit-
ical water. Chan et al. [10] conducted series of experiments for the com-
parison of chemical species from subcritical and supercritical
hydrothermal liquefaction of various biomasses: empty fruit bunch,
palm mesocarp fiber and palm kernel shell. They stated that content
of biomass had remarkable influence on thedistribution of theproducts.
Higher amounts of phenolic compounds were produced from palmme-
socarp fiber and palm kernel shell while alcohol and ester were only
formed from palm kernel shell. Kruse and Gawlik [11] described possi-
ble reaction pathways from the degradation of phytomass, which was
mainly composed of cooked carrots and potatoes. The degradation of
HMF occurred with two different pathways: the formation of 1,2,4-
benzenetriol and the formation of levulinic acid (via acid catalyst).
They also identified key components including HMF, levulinic acid,
Table 1
Ultimate, proximate and structural analysis of hazelnut shell.
Hazelnut shell
Ultimate analysis (wt%)
C 50.44
H 6.76
N 0.76
S 0.11
Oa 41.92
Proximate analysis (wt%)
Moisture 8.93
Ash 1.48
Protein 3.11
Structural analysis (wt%)
Cellulose 36.02
Hemicellulose 12.66
Lignin 40.14
Extractives 7.86
a Obtained from difference.
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of switchgrass at 250–350 °C and 20MPawith 1–300 s residence time to
obtain themaximum conversion and desired product yield (5-HMF and
furfural) were examined and rapid switchgrass conversion (90 wt%)
was achieved which is b60 s [12]. Moreover, many researches have fo-
cused on the influence of different acid addition on the conversion of
biomass and valuable chemical production. Takeuchi et al. [13] noticed
that the production of valuable chemical species from carbohydrate bio-
mass (glucose) vary with respect to acid type. The production of 5-HMF
increased in the presence of H3PO4 while H2SO4 enhanced the levulinic
acid production. Asghari and Yoshida [14] evaluated that the effect of di-
lute phosphate buffer at pH 2 on the conversion of Japanese red pine
wood under subcritical water. When compared to uncatalyzed condi-
tions, Japanese red pine wood decomposed into higher amount of
sugars within shorter time and the yield of HMF and furfural were near-
ly doubled with a further treatment. Tymchyshyn and Xu [15] reported
that the degradation of sawdust and cornstalks into phenolic com-
pounds at 250–350 °C and 2 MPa H2 with the addition of Ba(OH)2 and
RbCO3 catalysts. Addition of catalysts greatly enhanced the bio-oil
yield whose composition mainly consisted of 2-methoxy-phenol, 4-
ethyl-2-methoxy-phenol and 2,6-dimethoxy-phenol.
Among different biomasses in literature, it was noticed that limited
number of studies focused on the hydrothermal conversion of nut
wastes (walnut, peanut etc.) in subcritical water. Zhu et al. [16] studied
hydrolysis kinetics of waste peanut shell in subcritical water and possi-
ble reaction mechanisms. The yield of reducing sugars increased to
40.5%. Liu et al. [17] examined the catalytic degradation of walnut shells
under hot compressed water (200–300 °C and 1.5–8.6 MPa) with the
addition of KOH and HCl. They concluded that the methoxy phenolic
compounds, cyclopentene derivatives C12–C18 fatty acids were detect-
ed in the KOH (0.5 M) catalyzed treatment while the presence of HCl
improved the levulinic acid yield up to 12%. The majority of the studies
about waste nut shell degradation under hydrothermal conditions fo-
cused on the product distribution, reaction mechanism and kinetics. In
order to have idea about bioactivity results (total phenolic content, an-
tioxidant activity, etc.) of the products obtained from waste nut shells,
extraction studies in the literature would be reviewed. Shahidi et al.
[18] evaluated that the extracts of hazelnut byproducts (skin, hard
shell, green leafy cover and tree leaf) had higher amount of antioxidants
and phenolic content than hazelnut kernel extract after ethanol extrac-
tion. Contini et al. [19] compared the total phenolic content of hazelnut
shell, whole and chopped roasted hazelnut skins with using 80% (v/v)
acetone, methanol and ethanol. The total phenolic content of hazelnut
shell from acetone extract (72.2mg of gallic acid equivalent (GAE)/g ex-
tract) was higher than those of ethanol (59.6 mg of GAE/g extract) and
methanol extracts (56.6mgof GAE/g extract). The highest phenolic con-
tent was obtained from whole roasted hazelnut skin for three solvents.
Hazelnut is an agricultural crop that is cultivated in substantial
amount in Turkey. Turkey leads in hazelnut production with supplying
75% of the global hazelnut production in theWorld (650,000 tons/year).
Large amount of waste hazelnut shells are produced during hazelnut
processing and most of them are used for heating [20]. Therefore, the
utilization of waste hazelnut shell in the production of value-added
chemicals can contribute both in value gaining and being natural alter-
native resource.
To our best knowledge, conversion of waste hazelnut shell to valu-
able chemicals such as levulinic acid in hot-compressed water was
done for the first time in literature. The main objective of this study is
to investigate the potential role of waste hazelnut shell as a biomass
feedstock for the production of mainly levulinic acid under hydrother-
mal conditions. The effect of reaction temperature (150–280 °C), reac-
tion time (15–120 min), acid concentration (0–125 mM), and acid
type (H2SO4 and H3PO4) on the conversion of hazelnut shell and the se-
lectivities of valuable chemicals in the liquid product solution were in-
vestigated. The total phenolic content and the antioxidant activity of
the product solution were also analyzed.2. Materials and methods
2.1. Materials
Hazelnut shell was used as biomass feedstock from Ordu, Turkey.
Samples were dried in an oven at 60 °C and ground into small pieces
(~1 mm) with a laboratory type grinder. Elemental analysis of hazelnut
shell was conducted via elemental analyzer (CHNS-932, Leco, USA).
Moisture and ash contents of biomass were determined with Thermal
Gravimetric Analysis (TGA-51, Shimadzu, Japan) [21]. Ultimate and
proximate analyses of feedstock are shown in Table 1. Cellulose, hemi-
cellulose and lignin contents of hazelnut shell (Table 1) were identified
by using Van Soest Method [22,23]. The reagents used as standards for
HPLC analysis are as follows: fructose (≥99%), pyruvic acid (98%),
glycolaldehyde, glycolic acid (99%), glycerolaldehyde (99%), levulinic
acid (98%), 5-HMF (99%) and lactic acid (98%) were obtained
from Sigma-Aldrich and also, furfural (98%), acetic acid (100%), glucose
(≥99.5%) and formic acid (98–100%) were purchased from Merck. Sul-
furic acid (96–98%) and phosphoric acid (85–90%) were obtained
from Merck and Fluka, respectively. For bioactivity tests, gallic acid
(97.5%), 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid
(97%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS),
sodium carbonate (99.5%) and potassium persulfate (99.9%) were pur-
chased from Sigma-Aldrich and Folin-Ciocalteu's phenol reagent and
ethanol were purchased from Merck. De-ionized water was used for
preparing solutions in all experiments.
2.2. Hydrothermal conversion in subcritical water
The hydrothermal conversion of waste hazelnut shell in subcritical
water was carried out in a batch reactor (Parr 5500 Series, USA) made
of SS-316with a 300mL of total volume, 350 °Cmaximum temperature
and 207 bar maximum pressure, as shown in Fig. 1. The reactor was ini-
tially loaded with 4 g of hazelnut shell and then the volume is complet-
ed to 100 mL by adding de-ionized water. For comparison, different
concentration of acid (H2SO4 and H3PO4) was placed at the same reac-
tion conditions. Nitrogen gas was flowed to remove air inside the reac-
tor, which then heated up to the desired reaction temperature with
stirring rate of 200–250 rpm throughout the experiment. During
heating period, temperature and internal pressure increased until
reaching desired reaction temperature and reaction time started when
temperature reached desired value. Required heating time to reach de-
sired reaction temperature varies according to reaction temperature, for
instance; 23 min, 30 min, 65 min and 73 min for 150 °C, 200 °C, 250 °C
and 280 °C (SI, Fig. S1), respectively. At the end of the reaction time, the
heater was turned off and reactor was cooled by cooling water with
Fig. 1. Hydrothermal conversion reactor: (1) stainless steel vessel, (2) thermocouple, (3)
stirring impeller, (4) gas inlet, (5) input nitrogen gas, (6) magnetically driven stirrer, (7)
pressure gauge, (8) gas sample collector.
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liquid, solid and gaseous products were obtained. Gaseous product
was collected into gas bags. Solid and liquid product was separated
with a filter paper (2–3 μmm) and the liquid product was defined as
the water-soluble part (liquor). The remained solid residue was put in
a forced oven to remove the moisture with set conditions as 50 °C for
24 h and then weighted. In this study, the reaction temperature and re-
action time were varied at 150–280 °C and 15–120 min, respectively.
Different acid concentrations (0, 50, 75, 100 and 125 mM) and types
(H2SO4 and H3PO4) were used.
2.3. Analytical methods
2.3.1. Identification and characterization of products
Liquid products were identified and quantified via HPLC (Agilent
1200, USA). The HPLC system equipped with Shodex Sugar Column
(SH 1011) and refractive index detector (RID). Dilute sulfuric acid
(3.75 mM) was used as a mobile phase with a flow rate of 0.5 mL/min
and the temperature of column was set 50 °C [24]. GC–MS (Agilent
6890 N/5973 N Network, USA) analysis with Restek Stabilwax-DA col-
umn and Agilent 5973 Mass Selective Detector (S/SL inlet) was used
to verify the HPLC results. Helium at 1.3 mL/min of flow rate was used
as an eluent gas at 240 °C of operating temperature. Additionally, oven
temperature programme is 40 °C (2 min with an increase of 8 °C/
min), 140 °C (5 min with an increase of 10 °C/min), and 220 °C
(10 min) [25]. Gas products were analyzed by Gas Chromatography
equipped with Thermal Conductivity Detector (GC-TCD) (Agilent 6890
N, USA). Restek Packed column (2m long × 2 mm i.d.) with TCD detec-
tor with 250 °C of detector temperature was used. 20 mL/min of flow
rate of helium was used as a mobile phase. In addition, oven tempera-
ture programme is 50 °C for 3 min, 100 °C (5 min with an increase of
50 °C/min), 200 °C (5 min with an increase of 50 °C/min) and 250 °C
(7min with an increase of 50 °C/min) [25]. Solid morphology and func-
tional groups of untreated waste hazelnut shell and solid residues were
examined by Scanning Electron Microscopy with Energy Dispersive X-
Ray Analysis (SEM-EDX) (Quanta 250 SEM, USA) and Fourier Transform
Infrared Spectrometry equippedwith attenuated total reflectance (ATR-
FTIR) (Perkin Elmer-Spectra Two, USA), respectively. The total organic
carbon in the solid product was determined by TOC analyzer (TOC-
VCPH, Shimadzu, Japan). Hazelnut shell conversion (Eq. (1)) and TOC
conversion (Eqs. (2) and (3)) were calculated with respect to initial
weight of hazelnut shell and initial TOC amount of hazelnut shell, re-
spectively. Selectivity of compound was calculated according toconcentration of produced product and initial concentration of hazelnut
shell (40,000 ppm), which was calculated with initial weight of hazel-
nut shell (4 g) and volume of water (100 mL), in the aqueous reaction
solution (Eq. (4)).
Conversion %ð Þ ¼ Initial amount of biomass gð Þ−Residual amount of solid product gð Þ
Initial amount of hazelnut shell gð Þ
100 ð1Þ
Total organic carbon TOCð Þ ¼ Total carbon TCð Þ−Inorganic carbon ICð Þ
ð2Þ
TOC Conversion %ð Þ ¼ Initial TOC amount of biomass mgð Þ–TOC amount of solid product mgð Þ
Initial TOC amount of biomass mgð Þ
100 ð3Þ
Selectivity %ð Þ ¼ Concentration of produced product ppmð Þ
Initial concentration of biomass in reaction solution ppmð Þ  100
ð4Þ
2.3.2. Total phenolic content
The total phenolic content in aqueous solution was determined ac-
cording to the Folin-Ciocalteu's method. Folin Ciocalteu reagent was di-
luted 10-foldwith distilledwater and 7.5% (75 g/L) of sodium carbonate
solution was prepared with distilled water. 0.5 mL of Folin Ciocalteu re-
agent, 0.5 mL of liquid product and 1mL of saturated sodium carbonate
solution were mixed and then volume adjusted to 10 mL with distilled
water. After mixing, the mixture was left in the dark at room tempera-
ture for 45 min. The absorbance was measured at 725 nm with using
water as a blank. The phenolic contents were expressed as milligrams
of gallic acid equivalents (GAE) per milliliter of aqueous solution [26].
2.3.3. Total antioxidant capacity
The antioxidant capacity in liquid product was determined using
ABTS method. ABTS radical (ABTS+) solution was prepared by 14 mM
ABTS solution and 4.9 mM potassium persulfate solution with the vol-
ume ratio of 1:1 and left for 16 h at dark room. After 16 h, ABTS+ solu-
tion was diluted with ethanol with the volume ratio of 1:50 (ABTS+
solution:ethanol). Then, 1 mL of liquid product was mixed with 4 mL
of ABTS+ solution and left in the dark at room temperature for 5 min.
The absorbance was measured at 734 nm and water was used as
blank. The antioxidant capacity was expressed as milligrams of trolox
equivalents (TE) per milliliter of liquid products [26].
3. Results and discussion
Main identified components were levulinic acid, acetic acid and fur-
fural after hydrothermal degradation of waste hazelnut shell in hot
compressed water. The effects of reaction temperature, acid concentra-
tion or type (H2SO4 and H3PO4) and reaction time were investigated.
The typical reflective index (RI) and GC–MS chromatograms are
shown in Fig. 2.
3.1. Effect of reaction temperature
Experiments were conducted with varying reaction temperatures
from150 to 280 °C in thepresence of 50mMH2SO4 concentration to un-
derstand the influence of reaction temperature on the conversion of
waste hazelnut shell and the product selectivities. Experimental results
of conversions of TOC and waste hazelnut shell and the liquid product
selectivities are given in Table 2.
As illustrated in Table 2, the conversion of waste hazelnut shell in-
creased with increasing reaction temperature at each reaction time.
When the reaction was carried out at 280 °C, hazelnut shell conversion
reached to maximum level with a value of 65.40% at 120 min. The con-
version of hazelnut shell remained stablewith the increment of reaction
Fig. 2. a) RI and b) GC–MS chromatograms of liquid products after hydrothermal degradation of hazelnut shell (200 °C, 60 min, 15 bar of final pressure and with 50 mM H2SO4).
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the conversions of TOC and hazelnut shell under same conditions.
When the hydrothermal conversion was conducted for different reac-
tion times, the TOC conversion was enhanced and reached to 47.92%
(280 °C) from 32.61% (150 °C) at the end of 120 min.Table 2
Experimental results of various reaction temperatures with 50 mM initial sulfuric acid concent
T (°C) t (min) Nut conversion (%) TOC conversion (%)
150 15 35.79 29.59
60 41.42 38.49
90 42.14 35.01
120 41.12 32.61
200 15 56.99 47.73
60 59.32 45.87
90 61.20 46.08
120 58.39 46.96
250 15 61.66 46.52
60 61.44 47.30
90 61.02 45.04
120 61.07 47.41
280 15 62.54 43.39
60 64.64 49.71
90 64.39 48.26
120 65.40 47.92Mainly, we focused on the generation of levulinic acid, acetic acid
and furfural production fromwaste hazelnut shell. The yield of fructose
was quite higher at lower temperature (150 °C) whereas no levulinic
acid formation was observed until 90 min since cellulose firstly hydro-
lyzed into glucose and then isomerized to fructose [27]. Under higherration.
Product Selectivity %
Fructose Levulinic acid Acetic acid Furfural
41.96 0 11.58 1.54
47.74 0 9.53 5.54
43.11 0.10 11.09 6.60
34.94 0.28 10.97 11.91
1.13 6.85 8.66 13.09
0.58 13.33 8.43 7.73
0.50 12.45 8.09 5.32
1.24 13.01 8.68 5.72
1.08 10.91 8.05 0.92
0.91 10.21 7.80 0.39
1.09 10.87 8.72 0.22
1.07 13.26 7.89 0.21
0.48 8.42 8.28 0.25
0.35 11.85 8.09 0.18
0.28 13.26 8.78 0.07
0.11 13.05 8.76 0.04
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0.11% (280 °C and 120 min) thus, this decrement resulted in the en-
hancement of levulinic acid production. This phenomenon can be ex-
plained by structural changes of water with increasing temperature. If
reaction temperature is improved to near critical point of water, the hy-
drogen bonds start to weaken and become less stable which enhances
the solubility of non-polar organics and increases diffusivity by decreas-
ing density of water [6,9]. Moreover, low dielectric constant and high
self-dissociation lead to boost ionic reaction [8]. In contrast to levulinic
acid selectivity, relatively lower reaction temperature seemed more
workable condition for the production of furfural in subcritical water
because of low thermal stability of hemicellulose [10]. When reaction
temperature was increased, the rate of formation of furfural significant-
ly decreased and recorded as 0.04% at 280 °C and 120min. In the case of
acetic acid, selectivity was slightly higher at 150 °C, but this value was
quite stable at higher temperature treatment. Furthermore, organic
acid formation during treatment can be conclude from pH values since
the pH of liquid product altered through acidic condition (pH 3.27 at
280 °C) from neutral with hydrothermal treatment. Therefore, this
demonstrates that sugars decompose into various organic acids which
cause to autocatalysis [14].
Ultimately, temperature affects either the rate of degradation or re-
action mechanisms. During hydrothermal conversion, two reaction
mechanisms are dominant which are ionic reaction and free radical re-
action. While ionic reaction is promoted by lower temperatures due to
high ionic product (Kw N 10−14), free radical reaction favors underFig. 3. SEM-EDX images of a) untreated and solid residues after the treatment at b) 150 °C; chigher temperatures [6,9,28]. In addition, radicals such as OH•, as the
strongest oxidant, decompose swiftly in subcritical water [29]. There-
fore, ionic reactions were superior under the hydrothermal conversion
of waste hazelnut shell.
As stated before we obtained liquid, solid and gaseous products. In
the case of solid compound, SEM-EDX, elemental, FTIR and TOC analyses
were performed to identify the structure and content of solid residues
after hydrothermal treatment. Solid residue, biochar, is a product that
has higher heating value and high amount of C. Studies of biochar valo-
rization have been performed in the field of solid fuels [30–32], adsor-
bents [33–36], fertilizer [37,38], material of soil amendment [33,39,
40], carbon black [41–43] and carbon sequestration [40,43–45]. The
SEM-EDX images to monitor changes on the surface structure of un-
treated hazelnut shell as well as solid residues of each treatment condi-
tions are shown in Fig. 3. The structure of hazelnut shell is found in
complex layer with fibers (Fig. 3a). After the hydrothermal reaction
with 50 mMH2SO4 at 150 °C in subcritical water, the complex rawma-
terial structure started to be broken down and small carbon spheres
were observed (Fig. 3b). This phenomenon suggests that the cellulose
and hemicellulose structures of raw material easily decomposed due
to higher diffusivity of water under subcritical water condition [12]. At
250 °C and 280 °C, the amount of carbon spheres decreased with the
particle size of approximately 1–2 μm and found in tarry structures
(Fig. 3c–d). The presence of carbon in solid residues was revealed with
SEM-EDX (Table 3 and Fig. 3d), elemental analysis (Table 4) and TOC
analysis. With regard to reaction temperature, higher C amount was) 250 °C; d) 280 °C after 60 min and with 50 mM H2SO4 (at magnification of ×10,000).
Table 4
Elemental analysis results of solid residues at different reaction temperature (60 min and
50 mM H2SO4).
Temperature (°C) C (wt%) H (wt%) N (wt%) S (wt%) Oa (wt%)
150 51.03 5.75 0.78 0.56 41.88
200 59.97 4.99 1.03 0.43 33.58
250 49.83 4.57 0.53 0.44 44.63
280 56.72 4.02 0.68 0.50 38.08
a Obtained from difference.
Table 3
SEM-EDX results of solid residues at different reaction temperature (60 min and 50 mM
H2SO4).
Temperature (°C) C (wt%) O (wt%) S (wt%)
150 59.34 40.35 0.18
200 67.26 32.38 0.16
250 71.53 26.48 0.44
280 72.97 25.68 0.60
Table 5
Distribution of gaseous compounds for 250 °C and 280 °C, 120 min and 50 mM H2SO4.
Temperature (°C) Gas composition (μg/mL)
H2 CO CH4 CO2 C2H4 C2H6 C3H6 C3H8
250 2.77 160.28 0.29 637.26 0.20 0.06 0.57 0
280 1.42 200.47 1.78 591.12 0.36 0.65 1.25 0.32
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creased because of oxygenated chemical formation.
The FTIR spectrometry of untreated and treated hazelnut shell resi-
dues after subcritical water treatment at different reaction tempera-
tures (150, 200 and 280 °C) are presented in Fig. 4. The bands at
1030 cm−1, 1375 cm−1 and 2980 cm−1 are typical cellulose and hemi-
cellulose structure [12,46] that are associated with C\\O stretching of
alcohols, carboxylic acids and esters, C\\H bending of alkanes and satu-
rated aliphatic C\\H stretching, respectively. The peaks of raw hazelnut
shell at 1375 cm−1 and 2980 cm−1 were sharper than those of the hy-
drothermally treated solid residues. Additionally, the peak at
1375 cm−1 disappeared at 280 °C. This indicates that cellulosic and
hemicellulosic structure of hazelnut shell decomposed under higher
temperature treatment. The bands at 1215–1275 cm−1 are assigned to
stretching of aliphatic C\\H groups. Furthermore, absorption peaks at
1600 cm−1 and 3330 cm−1 are attributed stretching of C_C aromatic
groups and hydrogen bonded O\\H, respectively. These peaks corre-
spond to characteristic lignin structure [12,47]. The presence of these
lignin structures can be identified in each case. This suggests that theFig. 4. FTIR spectrum of untreated and treated hazelnut shell samplcleavage of phenolic and alcoholic bonds is still difficult even operating
at higher temperatures [47].
The secondary decomposition reactions of water-soluble com-
pounds of hazelnut shell are favored at relatively higher temperature
that resulted in more gas products production. Therefore, in our study,
the gas product distribution was determined via gas chromatography
thermal conductivity detector at 250 °C and 280 °C, 120min in the pres-
ence of 50 mM H2SO4 (SI, Fig. S2). The major identified gas compounds
after the hydrothermal conversion of hazelnut shell were carbon mon-
oxide and carbon dioxide and also, trace amounts of hydrogen gas and
methane (Table 5). It is known that high carbon monoxide and carbon
dioxide concentrations arise from decarbonylation of aldehydes and de-
carboxylation of carboxylic acids, respectively [12]. As the reaction tem-
perature increased from 250 °C to 280 °C, selectivity of formic acid
decreased from 0.18% to 0.04% due to the dehydration of formic acid
into carbon monoxide under subcritical water (300 °C) [23,48,49],
thus; carbon monoxide amount increased from 160.28 to 200.47
μg/mL. On the contrary, there was a decrement in carbon dioxide con-
centration from 637.26 to 591.12 μg/mL. This behavior indicates that
water gas shift reaction [48] shifts through left-hand side towards car-
bon monoxide when the reaction temperature increased. Compared
to other compounds, remarkable low hydrogen gas concentration was
observed which decreased from 2.77 μg/mL (250 °C) to 1.42 μg/mL
(280 °C) as a result of interaction between cellulose and xylan with lig-
ninwhich reduce hydrogen gas generation by donatingH atom to lignin
[50]. The concentration of methane increased from 0.29 to 1.78 μg/mL
with the increment of reaction temperature.
3.2. Effect of acid addition
As studied before [13,14,51], the presence of acid shows positive ef-
fect on the hydrothermal degradation of biomass. Acid addition enableses at different temperatures (60 min and with 50 mM H2SO4).
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conditions that reduce energy cost. Therefore, H2SO4 and H3PO4 were
preferred to investigate the influence of acid addition on the conversion
of hazelnut shell and liquid product distribution. All experiments were
conducted at 200 °C and 60 min reaction time to eliminate corrosion
problems of high temperature and high pressure system in acidic condi-
tion although high reaction temperature has a significant effect on the
product selectivities. The selectivities of liquid products obtained from
the decomposition of waste hazelnut shell in hot compressed water
are shown in Fig. 5.
The level of hazelnut shell conversion in the presence of H3PO4 was
relatively lower than it was with H2SO4. While the conversion of hazel-
nut shell increased up to 61.05% in the presence of 75 mM H2SO4 then
decreased slightly to 58.94% with the addition of more H2SO4, conver-
sion was improved continuously and reached to 56.38% with 125 mM
H3PO4. As illustrated in Fig. 5, both acid types influenced distinctly to
the liquid product distribution. The yield of 5-HMF in the H3PO4 was
higher than that of H2SO4. This can be clarified by easy dehydration of
highly reacting species like glucose in the small amount of acid [13].
Therefore, using relativelyweaker acid like H3PO4 increases the amount
of 5-HMF. On the other hand, using a strong acid such as H2SO4 en-
hances the transformation of 5-HMF into levulinic acid. Compared to
H3PO4, the formation of levulinic acid was significant in the presence
of H2SO4. As adding more H2SO4 to the reaction solution, selectivity of
levulinic acid greatly enhanced and reached to 15.40%, whereas it was
quite low (3.07%) with 125 mM H3PO4. On the contrary, weaker acidFig. 5. Effect of acid addition on the product selectivities at 200 °C, 6was observed as more favorable for the production of furfural since
the selectivity of furfural in the presence of H3PO4 increased up to
16.74% (100 mM), but decreased linearly to 3.62% in the case of adding
100 mM of H2SO4. This reverse trend might be explained by two phe-
nomena: First one is that furfural can be converted to char by polymer-
ization of furfural [52]. Second one is the structure of lignocellulosic
biomass. The structure of hemicellulose is non-uniform and has low
crystallinity because of havinghigh amount of side chains so the decom-
position of hemicellulose can be readily exist under the temperature
range of 210–330 °C. On the other hand, unbranched glucose units of
cellulose cause high degree of crystallinity [10]. In the case of acetic
acid, the selectivities did not show notable difference in the presence
of H2SO4 and H3PO4.3.3. Effect of reaction time
After hydrothermal degradation of hazelnut shellwith 50mMH2SO4
at 200 °C, it was observed that reaction time did not affect as much as
reaction temperature and acid addition to hazelnut shell conversion
and acetic acid selectivity (SI, Fig. S3). As reaction proceeded from 15
to 120min, 2.43% of 5-HMF selectivity decreased to nearly zero. Howev-
er, under same conditions, levulinic acid selectivity reached to 13.01%
with a longer treatment (120min). This indicates that after longer reac-
tion time, the rate of 5-HMF rehydrationwas enhanced and further con-
verted into levulinic acid. Moreover, low reaction time was effective for0 min and 15 bar of final pressure with a) H2SO4, and b) H3PO4.
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tivity decreased significantly from 13.09% (15 min) to 5.72% (120 min).
3.4. Possible reaction pathways of hydrothermal conversion of hazelnut
shell
According to those results, main reaction mechanisms of the hydro-
thermal conversion ofwaste hazelnut shell at different reaction temper-
atures were suggested, as illustrated in Table 6. Under subcritical water
media, the rate of cellulose hydrolization to oligomers [16] and
isomerization of glucose into fructose [16] were rapid at low tempera-
ture (150 °C). At 200 °C, the production of 5-HMF became more favor-
able with the addition of higher H3PO4 concentration (75–100 mM).
Furthermore, the rate of rehydration of 5-HMF into levulinic acid was
enhanced in excess amount of H2SO4 (100–125 mM) and long reaction
time (≥60 min). In the case of hemicellulose, two main reaction path-
ways were possible: when hydrothermal reaction was performed
at low H2SO4 concentration (0–5 mM) or high H3PO4 concentration
(75–100mM) at 200 °C, acetic acid formationwas favored by the cleav-
age of acetyl [16]. On the contrary, the pathway of furfural production
dominated at 200 °C and 15 min in the presence of 50 mM H2SO4.
Applying relatively higher reaction temperatures (250–280 °C) led to
the transformation of furfural to char with longer reaction time.
3.5. Bioactivity properties
Agricultural wastes (i.e. hazelnut shell), which are natural products,
contain a considerable amount of phenolic antioxidants such as gallic
acid, ferulic acid, caffeic acid, sinapic acid, vanillic acid and p-coumaric
acid. These compounds are beneficial in the case of cardiovascular dis-
ease and tissue injuries [53,54]. Although having high antioxidant ca-
pacity solution is not the main target for this study, while trying to
obtain high selectivity of levulinic acid from waste hazelnut shell
under hydrothermal conditions, it was also examined whether the
final product solution showed antioxidant activity or not even at such
high temperature and pressure conditions. The bioactivity properties
including antioxidant activity and total phenolic content of liquid prod-
ucts obtained by the hydrothermal conversion of hazelnut shell inTable 6
Main proposed reaction pathways for hydrothermal conversion of waste hazelnut shell at
different reaction temperatures.
Reaction
temperature Possible Reaction Pathways
150°C
Cellulose Oligomers/Fructose
Hemicellulose
200°C
Cellulose Oligomers/Fructose
Levulinic acid
Acetic acid
Hemicellulose Oligomers/Xylose
Furfural
250–280°C
Cellulose Oligomers/Fructose 5–HMF Levulinic acid
Hemicellulose Oligomers/Xylos Furfural
Char
high H3PO4
concentration
high H2SO4
concentration /
reaction time
long reaction
time
low H2SO4 / high
H3PO4 concentration
low H2SO4 / high H3PO4
concentration / short
reactiontime
long reaction
time
long reaction
time
5–HMF
FurfuralOligomers/Xylosesubcritical water were determined with ABTS method and Folin-
Ciocalteu's method, respectively. The bioactivity properties were exam-
ined for 150–280 °C reaction temperature range and 50–125 mM acid
(H2SO4 and H3PO4) concentrations at 60 min reaction time.
Before the hydrothermal treatment, 0.00019 mg TE/mL of antioxi-
dant activity and 0 mg GAE/mL of total phenolic content were deter-
mined, as blank experiments. With the effects of temperature and
H2SO4 and H3PO4 treatments, antioxidative and phenolic compounds
of hazelnut shell form in liquid product. Fig. 6 indicates the effect of re-
action temperature on the antioxidant activity and total phenolic con-
tent in the presence of H2SO4. The antioxidant activity with the
treatment of dilute sulfuric acid decreased from 0.045 to 0.038 mg of
TE/mL when the reaction temperature increased to 280 °C. This can be
attributed to antioxidative products which are producedwith the cleav-
age of H-bonds of hazelnut shell, were degraded under long reaction tem-
perature treatment [55]. In addition, total phenolic content increased
linearly and reached the maximum value (0.095 mg of GAE/mL) under
250 °C and 60 min with 50 mM H2SO4, then reduced to 0.062 mg of
GAE/mL at 280 °C. Meillisa et al. [56] stated that 4.0 mg/mL and
9.0 mg/mL of total phenolic content from purified alginate hydrolysate
and S. japonica hydrolysate samples were obtained at 200 °C and 17 bar
with catalyst (formic acid), respectively.
The antioxidant activity slightly changed for both acid typeswith an in-
crease in the acid concentrations. For each acid concentration and type, the
antioxidant activitywas recorded approximately as 0.045mgof TE/mL (SI,
Fig. S4 and SI, Fig. S5). In the case of total phenolic content of the liquid
product solution, different trends were observed for both H2SO4 and
H3PO4 treatments. Total phenolic content decreased steadily in the pres-
ence of H2SO4, whereas it reached to 0.062 mg of GAE/mL with the addi-
tion of 125 mM H3PO4 (SI, Fig. S4 and SI, Fig. S5). These results may be
arising from the different acidity levels of the aqueous solutions.
3.6. Analysis of Variance (ANOVA)
Statistical analysis of reaction temperature, H2SO4 concentration and
reaction time for hazelnut shell conversion, the selectivities of levulinic
acid, acetic acid and furfural were investigated in order to evaluate the
significance of results by Analysis of Variance (ANOVA) with using
MINITAB 16 software. The p-values of individual parameters (p ≤
0.05) are shown to verify the significance of parameters, as seen in
Table 7 and SI, Table S1. In addition, histogram plots of hazelnut shell
conversion (SI, Fig. S6) and levulinic acid (SI, Fig. S7) are given in
order to confirm the model accuracy.
ANOVA results of hazelnut shell conversion showed that the individ-
ual effects of reaction temperature and H2SO4 concentration and qua-
dratic reaction temperature were significant with p-values of 0.00,
0.10 and 0.00, respectively. However, reaction time had no significant
individual effect on the conversion of hazelnut shell due to having
higher p-value (0.289) than confidence interval. In the case of productFig. 6. Effects of reaction temperature on the antioxidant capacity and the total phenolic
content with 50 mM H2SO4 after 60 min.
Table 7
Statistical analysis results of hazelnut shell conversion and levulinic acid.
Source DF Sum of
squares
Mean of
squares
F
value
p
value
Conversion
Model 4 1586.77 396.96 136.92 0.000
Linear 3 1328.20 442.73 152.81 0.000
Temperature 1 1277.71 1277.71 440.99 0.000
H2SO4 1 46.40 46.40 16.02 0.010
Time 1 4.08 4.08 1.41 0.289
Square 1 258.57 258.57 89.24 0.000
Temperature ×
temperature
1 258.57 258.57 89.24 0.000
Error 5 14.49 2.90
Total 9 1601.25
Levulinic acid
Model 4 206.11 51.53 58.11 0.000
Linear 3 188.11 62.70 70.71 0.000
Temperature 1 84.66 84.66 95.47 0.000
H2SO4 1 40.35 40.35 45.50 0.001
Time 1 63.11 63.11 71.17 0.000
Square 1 18.00 18.00 20.30 0.006
Temperature ×
temperature
1 18.00 18.00 20.30 0.006
Error 5 4.34 0.89
Total 9 210.55
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cept the effect of reaction temperature on acetic acid selectivity since in-
dividual term of reaction temperature had p-value of 0.088. The
response surface plots of hazelnut shell conversion and the selectivities
of desired products with respect to reaction temperature and H2SO4
concentration were shown in Fig. 7. When reaction temperature in-
creased to 200 °C, conversion of hazelnut shell (Fig. 7a) and levulinic
acid selectivity (Fig. 7b) was also increased. Additionally, formation of
levulinic acid was approximately tripled with 50 mMH2SO4 concentra-
tion (9%). Positive effect on the selectivity of acetic acid (Fig. 7c)was ob-
served with H2SO4 treatment. Response surface plot of furfural (Fig. 7d)Fig. 7. The surface plots of a) hazelnut shell conversion, selectivities of b) levulinic acid; c) acpointed out that increase in reaction temperature until 200 °C resulted
in the improvement of furfural formation; however, after 200 °C, furfu-
ral production decreased notablywith a further temperature increment.
The optimized process parameters for both hazelnut shell conver-
sion and the desired product selectivities were given in Fig. 8. When re-
action was carried with the addition of 50 mM H2SO4 at a temperature
of 224.36 °C for 120 min, hazelnut shell conversion was recorded as
63.89% and under same conditions levulinic acid selectivity was
13.17%. Under the conditions of 224.75 °C reaction temperature for
15 min reaction time with 50 mM H2SO4, the conversion of hazelnut
shell reached to maximum value of 65.31%. Under same conditions,
acetic acid selectivity was maximized as 12.87%. Additionally, 61.53%
of optimum hazelnut shell conversion and 11.60% of optimum furfural
selectivity were acquired in the presence of 39.48 mM H2SO4 at a tem-
perature of 201.52 °C for 15 min.4. Conclusions
Hydrothermal conversion of waste hazelnut shell to value-added
chemicals such as levulinic acid was carried out in hot-compressed
water under different reaction temperatures, reaction time, acid types
and acid concentrations. Among various formed organic products,
levulinic acid, acetic acid and furfural were determined as major com-
pounds. The maximum hazelnut shell conversion (65.40%) was obtain-
ed at 280 °C and 120min reaction time in the presence of 50mMH2SO4
concentration. As the reaction temperature increased, reaction pathway
of levulinic acidwas promoted, whereas under same conditions furfural
selectivity greatly decreased. Addition of H2SO4 and H3PO4 to the reac-
tion solution resulted in different product distribution in the liquor.
The production of levulinic acid was greatly enhanced in the presence
of H2SO4 in the reaction solution. In contrast, with the addition of
H3PO4 the formation of furfural was accelerated. Therefore, hot com-
pressed water as a reaction environment is a promising technology for
adding value to waste hazelnut shell by producing bio-based chemicals
such as levulinic acid, furfural and acetic acid. The levulinic acidetic acid and d) furfural with respect to reaction temperature and H2SO4 concentration.
Fig. 8. Optimized operating conditions for the maximum hazelnut shell conversion and the maximum selectivities of a) levulinic acid; b) acetic acid and c) furfural.
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treatment and using solid acid catalyst as further studies.
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